Cyclooxygenase (COX) is the rate-limiting enzyme for the conversion of arachidonic acid to prostanoids and exists in two isoforms. COX-1 is constitutively expressed and homeostatic in function as the housekeeping form (54) . In contrast, COX-2 is associated with inflammation and is induced in response to mitogenic (32) and proinflammatory (4, 38, 39) stimuli. The expression of COX-2 is a key element in various pathophysiological processes, including inflammation (53) , cardiovascular disease (13, 19) , tissue remodeling (9) , and cancer (10, 16) .
Human COX-2 is encoded by a 7.5-kb genomic DNA with 10 exons (58) . The 5Ј-flanking promoter region of human COX-2 contains a canonical TATA-box and multiple regulatory elements, including two putative nuclear factor B (NF-B)-binding sites, one nuclear factor interleukin-6 (NF-IL-6)/ CCAAT/enhancer-binding protein (C/EBP)-binding site, and one cyclic AMP-response element (CRE) (52) . Recent studies of the human COX-2 promoter have demonstrated that COX-2 expression is critically governed by different transcription factors, including CRE-binding protein (CREB) (56) , C/EBP (20) , activating protein-1 (AP-1) (51), and NF-B (24), in a highly cell type-specific and stimulus-specific manner. For example, the knockout of C/EBP␤ in macrophages blocks COX-2 expression but has no effect on COX-2 expression in fibroblasts (20) . In addition, both IL-1␤ and tumor necrosis factor alpha (TNF-␣) induce COX-2 transcription via NF-B transactivation in a variety of cells, such as lung epithelial cells (37) and monocytes (28) . In contrast, only IL-1␤ and not TNF-␣ causes COX-2 protein expression in human airway smooth muscle (ASM) cells (4, 38) .
We and others have demonstrated that human ASM cells exert important synthetic functions. In addition to the synthesis of cytokines/chemokines (15, 40, 41) and growth factors (30, 33) , human ASM cells express COX-2 upon stimulation by a variety of proinflammatory cytokines and other mediators (4, 18, 38, 39) and release large quantities of prostanoids (mainly prostaglandin E 2 [PGE 2 ]), which in turn, in an autocrine manner, modulates the cell functions such as proliferation (5) , relaxation (43, 44) , and the synthesis of chemokines and growth factors (30, 40) . We have shown previously that proinflammatory mediators bradykinin (BK) (39) and IL-1␤ (38) induce COX-2 protein expression in human ASM cells, but the patterns of COX-2 protein expression are different. BK-induced COX-2 protein appears after 1 h and disappears after 16 to 24 h of treatment (39) , whereas IL-1␤-induced COX-2 protein appears after 2 h and sustains beyond 24 h treatment (38) . It is also interesting that the patterns of PGE 2 production by BK and IL-1␤ are also different. BK induces PGE 2 production minutes after stimulation and before COX-2 protein expression (39) , whereas IL-1␤ induces PGE 2 production after 2 h treatment as a consequence of COX-2 protein expression (38) . These results suggest that the molecular mechanisms by which BK and IL-1␤ regulate COX-2 expression in human ASM cells are different, which have not been clearly elucidated so far. Since BK-induced IL-8 production from human ASM cells is largely dependent upon the early release of PGE 2 (40) , whether its effect on COX-2 expression is also PGE 2 dependent remains to be investigated.
In the quiescent cells, DNA packaging in condensed chromatin is tightly compacted to prevent transcription factor accessibility. Upon stimulation by inflammatory mediators such as IL-1␤, the condensed chromatin becomes loose (chromatin remodeling), which makes the cis elements in gene-specific promoters available for transcription factors to access, resulting in the protein-DNA binding and regulation of inflammatory gene transcription (27) . Chromatin is mainly composed of four core histones, an H3-H4 tetramer and two H2A-H2B dimers (2, 3) . When the cells are stimulated with inflammatory mediators, the histones in the chromatin undergo an array of posttranscriptional modifications on N-terminal tail domains, including acetylation, phosphorylation, and methylation (49) . These modifications, as well as the primary sequence of histone tails, are highly conserved between species and have been closely linked to gene transcription (21) . Very recent studies have shown that high levels of acetylation of histone H4 have been correlated with the upregulation of proinflammatory gene transcription (27) .
Although transcription regulation of human COX-2 by IL-1␤ has been studied in other cell systems, it is not clear how the COX-2 gene is regulated transcriptionally by external stimuli such as IL-1␤ and BK in human ASM cells, particularly in terms of the transcription factors acting on the promoter sequences and the involvement of chromatin remodeling through histone acetylation. In addition, because of its cell-specific and stimulus-specific nature, human COX-2 transcriptional regulation in human ASM cells is likely to be different from other cells and from IL-1␤ to BK. In the present study we proposed to investigate the molecular mechanisms by which BK and IL-1␤ regulate COX-2 transcription in human ASM cells. By using promoter reporter transfection, Western blotting, electrophoretic mobility shift assay (EMSA) and chromatin immunoprecipitation (ChIP) assay, we examined the involvement of different cis elements in the COX-2 promoter and the roles of different transcription factors in BK-and IL-1␤-induced COX-2 transcription, explored the possibility that PGE 2 mediated BK-induced COX-2 transcription, and assessed the association of chromatin remodeling with COX-2 promoter after histone acetylation. We demonstrate that COX-2 transcription by BK and IL-1␤ involves different regulatory elements, transcription factors, and histone H4 acetylation.
MATERIALS AND METHODS
Culture of human ASM cells. Primary human ASM cells were prepared from explants of human ASM as previously reported (38) and cultured in Dulbecco modified Eagle medium (Sigma, Poole, United Kingdom) containing 10% fetal calf serum (Seralab, Loughborough, United Kingdom), 100 U of penicillin/ml, 100 g of streptomycin/ml, 2.5 g of amphotericin B/ml, and 4 mM L-glutamine (Sigma) with humidified 5% CO 2 -95% air at 37°C. This protocol was approved by the Nottingham City Hospital Research Ethics Committee. Cells at passages 5 to 6 have previously been demonstrated to depict the immunohistochemical and light microscopic characteristics of typical human ASM cells (38) and were contributed to all experiments in the present study.
DNA constructs. The COX-2 firefly luciferase reporter constructs containing different human COX-2 promoter fragments (from Ϫ1423 to ϩ59 and Ϫ327/ ϩ59) and those containing 327-bp promoter fragment (from Ϫ327 to ϩ59) with mutations of the NF-B (mNF-B), NF-IL-6 (mNF-IL-6), or CRE (mCRE) site or both NF-IL-6 and CRE sites [m(CREϩNF-IL-6)] have been previously described in detail (24) (25) (26) . The COX-2 firefly luciferase reporter constructs containing 7,200-and 3,920-bp promoter fragments (i.e., from positions Ϫ7200 to ϩ1 and from positions Ϫ3920 to ϩ1) with the putative peroxisome proliferator response element (PPRE) were kindly provided by Thomas McIntyre (University of Utah, Salt Lake City) and have been previously described in detail (45) . The internal control Renilla luciferase reporter construct, RL-SV40, was obtained from Promega (Southampton, United Kingdom).
Transient transfection. All transient transfections were conducted by using FuGene 6 according to the recommended protocol of the manufacturer (Roche Molecular Biochemicals, East Sussex, United Kingdom). A total of 3.5 ϫ 10 4 human ASM cells were seeded in each well of 12-well plates. After 24 h growth, the cells were ca. 50 to 60% confluent and were incubated with 400 l of Dulbecco modified Eagle medium containing complexes of DNA (0.4 g/ml)/ FuGene 6 (1.2 l), together with 4 ng of Renilla luciferase reporter/well as an internal control. After 5 h of incubation, the transfected cells were pretreated with or without indomethacin (Indo; Sigma) at 1 M and its vehicle 0.2% dimethyl sulfoxide (Sigma) for 30 min and then incubated with 10 M BK, IL-1␤ at 1 ng/ml, or 2.5 M PGE 2 (all from Sigma) for another 16 h. The cells were then washed with phosphate-buffered saline (PBS) and lysed in 100 l of reporter lysis buffer (Promega). Firefly luciferase activity from the testing DNA construct reporters and Renilla luciferase activity from the internal control reporter were measured by using the dual-luciferase reporter assay system (Promega) with the MicroLumatPlus LB96V Automatic Microplate Luminometer (Berthold Technologies, Herts, United Kingdom). Relative luciferase activity was obtained by normalizing the firefly luciferase activity against the internal control Renilla luciferase activity. The fold increase was obtained by comparing relative luciferase activity from experiment groups against that from their respective controls. The transfection rate was between 25 and 30% as measured by transfection with a green fluorescent protein expression vector.
Extraction of cytosolic and nuclear fraction proteins. Nuclear and cytosolic extracts from the cells were prepared as described before (14, 50) with some modifications. After treatment with or without 10 M BK or IL-1␤ (1 ng/ml), human ASM cells in 90-mm dishes were washed with cold PBS and harvested in 500 l of low salt buffer (20 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM NaVO 4 , 1 mM EDTA, 1 mM EGTA, 0.2% IGEPAL CA-630 (Sigma), 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, and 0.01% leupeptin). After 30 min of incubation on ice, the samples were centrifuged at 10,000 ϫ g at 4°C for 30 min, and the supernatants were collected as cytosolic extracts. The cell pellet containing nuclei was then resuspended in 200 l of high-salt buffer (as low-salt buffer but with 420 mM NaCl and 20% glycerol) and incubated by shaking on ice for a further 30 min. Samples were then centrifuged at 10,000 ϫ g at 4°C for 30 min, and the supernatants were taken as nuclear extracts. After the determination of protein concentrations by using the Bio-Rad protein assay reagent (Bio-Rad Laboratories, Herts, United Kingdom), the samples were stored at Ϫ80°C for further EMSA and Western blot analysis.
EMSA. To assess in vitro protein-DNA binding, EMSA was performed as described previously (50) with some modifications. The wild-type human COX-2 promoter oligonucleotides containing NF-B (5Ј-GAGTGGGGACTACCCCC TCTG-3Ј), NF-IL-6 (C/EBP) (5Ј-CCCACCGGGCTTACGCAATTTTTTTAA GGG-3Ј), and CRE (5Ј-AAAGAAACAGTCATTTCGTCACATGGGCTT-3Ј) (underlined) were double stranded. The double-stranded consensus CRE oligonucleotides were obtained from Promega. Double-stranded oligonucleotide probes were end-labeled with [␥-32 P]ATP (Amersham Pharmacia Biotech, Bucks, United Kingdom) by incubation with T4 polynucleotide kinase (Promega) according to the manufacturer's instructions. Aliquots of 5 g of nuclear extracts were incubated with the labeled probe (hot probes) in reaction buffer [10 mM Tris-HCl (pH 8.0), 1 mM dithiothreitol, 1 mM EDTA, 15% glycerol, 0.1% Triton X-100, 25 g of poly(dI-dC)/ml, 0.1 mg of bovine serum albumin/ml, and 50 mM NaCl] in a total volume of 25 l for 15 min. For the supershift experiments, the reactions were then incubated with specific antibodies for another 15 min. For the competitive experiments, nuclear extracts were first incubated with a 25-fold excess of unlabeled probes (cold probes) for 30 min and then incubated with labeled probes (hot probes) for another 15 min. The resulting reaction products were resolved by 6% polyacrylamide nondenatured gel electrophoresis. The gels were dried and exposed to an X-ray film (Kodak) at Ϫ80°C.
Western blot. Western blot was performed as described before (38) to assess the translocation of the transcription factors from cytosol to the nucleus in response to BK and IL-1␤. Briefly, 30 g of either cytosolic or nuclear proteins were mixed 1:1 (vol/vol) with sample buffer and boiled for 5 min. The protein samples were then separated by 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. The resolved proteins in gel were electrotransferred to nitrocellulose membrane (Bio-Rad). The blot was blocked with 8% fat-free milk powder in PBS-T (PBS [pH 7.4] with 0.3% Tween 20) at room temperature for 2 h and then incubated with primary antibodies against p65, CREB-1, and C/EBP␤ separately (1:1,000 dilution; Santa Cruz Biotechnology, Calif.) for 2 h at room temperature. The blot was subsequently incubated with horseradish peroxidase-conjugated secondary antibody (1:2,000 dilution; Santa Cruz) for 1 h. The signal was detected by incubation with the ECL Western blotting detection reagent (Amersham) for 1 min and finally exposed to Hyperfilm-ECL (Amersham).
ChIP assay. To detect the in vivo association of nuclear proteins with human COX-2 promoter, ChIP assay was conducted as described previously (23, 31, 55) with some modifications. Human ASM cells in 90-mm dishes were grown to confluence and serum starved for 24 h. After treatment, protein-DNA complexes were fixed by 1% formaldehyde in PBS. The fixed cells were washed and lysed in SDS-lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl [pH 8.0], Complete protease inhibitor cocktail ) and sonicated on ice. The samples were centrifuged, and the soluble chromatin was precleared by incubation with sheared salmon sperm DNA-protein A slurry (a 50:50 mix; Sigma) for 0.5 h at 4°C with rotation. After centrifugation at 500 ϫ g for 1 min, one portion of the precleared supernatant was used as DNA input control, and the remains were subdivided into aliquots and then incubated with a nonimmune rabbit immunoglobulin G (IgG; Santa Cruz) or IgG antibodies to NF-B p65 (New England Biolabs, Herts, United Kingdom), C/EBP␤ (Santa Cruz), CREB-1 (Santa Cruz), and histone H4 AcK5, AcK8, AcK-12, AcK16 (Serotec, Oxford, United Kingdom) separately, overnight at 4°C. The immunoprecipitated complexes of antibody-protein-DNA were collected by using the above protein A slurry, washed successively with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], 150 mM NaCl), high-salt buffer (same as the low-salt buffer but with 500 mM NaCl), LiCl buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl [pH 8.1]), and Tris-EDTA (pH 8.0) and then eluted with elution buffer (1% SDS, 100 mM NaHCO 3 ). The cross-linking of protein-DNA complexes was reversed by incubation with 5 M NaCl at 65°C for 4 h, and DNA was digested with 10 mg of proteinase K (Sigma)/ml for 1 h at 45°C. The DNA was then extracted with phenol-chloroform, and the purified DNA pellet was resuspended in H 2 O and subjected to PCR amplification with the forward primer 5Ј-AAGACATCTGGCGGAAACC-3Ј and the reverse primer 5Ј-ACAATTGG TCGCTAACCGAG-3Ј, which were specifically designed from the COX-2 promoter. The 305-bp PCR products were resolved by 3.5% agarose-ethidium bromide gel electrophoresis, visualized by UV, and analyzed with the GeneGenius gel documentation and analysis system (Syngene, Cambridge, United Kingdom).
Statistical analysis. Data were expressed as mean Ϯ the standard error of the mean (SEM) of n determinations. Statistical analysis was performed by using GraphPad Prism software (version 3.03). Unpaired two-tailed Student t test was used to determine the significant differences between the means; P values of Ͻ0.05 were accepted as statistically significant.
RESULTS
Essential elements in the human COX-2 promoter region in response to BK and IL-1␤. To determine the promoter region essentially required for BK-and IL-1␤-induced COX-2 transcription, we transfected human ASM cells with reporter constructs containing various lengths of the human COX-2 promoter. Compared to the control, both BK and IL-1␤ induced COX-2 promoter activity after the transfection of the 7200-bp COX-2 promoter-driven constructs. The effect of both BK and IL-1␤ was not significantly altered by the transfection of constructs driven by smaller COX-2 promoter fragments, such as the 3,920-, 1,423-, and 327-bp fragments, compared to the 7,200-bp COX-2 promoter-driven constructs (Fig. 1) . The results indicate that the PPREs located between positions Ϫ3721 and Ϫ3707 and the second NF-B element located between positions Ϫ448 to Ϫ439 are not essentially involved in BK-and IL-1␤-induced COX-2 transcription in the cells, whereas the promoter region from bp Ϫ327 to ϩ59 confers the responsiveness of the human COX-2 promoter and is therefore the essential promoter region responsible for BK-and IL-1␤-induced COX-2 transcription in these cells.
Identification of cis-acting elements at the human COX-2 promoter responsible for BK-and IL-1␤-induced COX-2 transcription. The promoter at bp Ϫ327 to ϩ59 contains CRE (positions Ϫ59 to Ϫ53 [Ϫ59/Ϫ53]), NF-IL-6 (Ϫ132/Ϫ124), and NF-B (Ϫ223/Ϫ214) cis-acting elements. To identify the elements responsible for BK-and IL-1␤-induced COX-2 transcription, the promoter activity of the wild-type fragment (Ϫ327 bp/ϩ59 bp) was compared to that of site-directed mutants. BK caused elevation of the transcriptional activity with the wild-type promoter, and mutations on the NF-B and NF-IL-6 elements, respectively, did not reduce the activity; in contrast, mutation on the CRE site and double mutations on both NF-IL-6 and CRE sites abolished the activity (P Ͻ 0.001, Fig. 2 ). IL-1␤ also increased the transcriptional activity of the wild-type promoter. When the NF-B element alone was mutated, IL-1␤ still markedly stimulated the activity although the effect was reduced compared to the wild-type promoter (P Ͻ 0.05, Fig. 2 ). In contrast, when either NF-IL-6 or CRE element was mutated, the promoter transcription activity was markedly reduced or inhibited (P Ͻ 0.001 and P Ͻ 0.01, respectively) and double mutations of both elements did not additionally further reduced the promoter activity compared to NF-IL-6 mutation alone (Fig. 2) . The results suggest that different regulatory elements are required for human COX-2 transcription by BK and IL-1␤ in human ASM cells: CRE is essential for BKinduced COX-2 transcription, whereas NF-IL-6 and CRE elements and, to a lesser extent the NF-B element, are critically involved in COX-2 transcription by IL-1␤.
Involvement of PGE 2 in BK-and IL-1␤-induced COX-2 promoter transactivation. We have previously reported that PGE 2 stimulates COX-2 protein expression on its own and enhances IL-1␤-stimulated COX-2 protein expression in human ASM cells (42) and that BK-induced IL-8 production from human ASM cells is largely dependent upon the early endogenous PGE 2 generation (40). To clarify whether PGE 2 is involved in BK-and IL-1␤-induced COX-2 promoter transactivation, the essential promoter (Ϫ327/ϩ59) luciferase reporter construct was transfected into the cells. As shown in Fig.  3 BK (10 M), after 16 h of stimulation, caused a marked increase in COX-2 promoter activity compared to the control and exogenous PGE 2 (2.5 M) mimicked the effect of BK. Furthermore, IL-1␤ also caused a marked increase in COX-2 promoter activity, and the nonselective COX inhibitor Indo significantly inhibited BK-and IL-1␤-induced COX-2 promoter activity (P Ͻ 0.01 and P Ͻ 0.05, respectively), although it had no effect on its own (Fig. 3) . These results strongly suggest that PGE 2 is involved in the induction of the COX-2 promoter transactivation by both BK and IL-1␤ in human ASM cells. The diagram on the left shows the firefly luciferase reporter constructs driven by various human COX-2 promoter fragments of 7,200, 3,920, 1,423, and 327 bp containing wild-type PPRE (Ϫ3721/Ϫ3707), distal NF-B (Ϫ448/Ϫ439), and proximal NF-B (Ϫ223/Ϫ214), NF-IL-6 (Ϫ132/Ϫ124), and CRE (Ϫ59/Ϫ53) cis-acting elements. Fifty to 60% confluent human ASM cells in 12-well plates were cotransfected with Renilla luciferase internal control reporter (4 ng/well) and 7,200-, 3,920-, 1,423-, or 327-bp human COX-2 promoter firefly luciferase reporter constructs (0.4 g/well) by using FuGene 6 transfection reagent as described in Materials and Methods and stimulated with or without BK (10 M) or IL-1␤ (1 ng/ml) for a further 16 h. The luciferase activities from firefly and Renilla reporters were assayed by using the dual-luciferase reporter assay system, and the relative luciferase activity was obtained by normalizing the firefly luciferase activity against the internal control Renilla luciferase activity. The results are expressed as mean Ϯ the SEM of three separate experiments performed in duplicate or triplicate.
FIG. 2.
Identification of cis-acting elements in BK-and IL-1␤-induced human COX-2 promoter activity. The diagram on the left shows the human COX-2 promoter (Ϫ327/ϩ59) firefly luciferase reporter constructs containing wild-type CRE (Ϫ59/Ϫ53), NF-IL-6 (Ϫ132/Ϫ124), and NF-B (Ϫ223/Ϫ214) cis-acting elements or their respective site-directed mutants. Fifty to 60% confluent human ASM cells in 12-well plates were cotransfected with Renilla luciferase internal control reporter (4 ng/well) and either of the human COX-2 constructs (0.4 g/well) by using FuGene 6 transfection reagent as described in Materials and Methods and then stimulated with or without BK (10 M) (A) or IL-1␤ (1 ng/ml) (B) for a further 16 h. The luciferase activities from firefly and Renilla reporters were assayed by using the dual-luciferase reporter assay system, and the relative luciferase activity was obtained by normalizing the firefly luciferase activity against the internal control Renilla luciferase activity. The results are expressed as mean Ϯ the SEM of three separate experiments performed in duplicate or triplicate. ❋, P Ͻ 0.05; ❋❋, P Ͻ 0.01; ❋❋❋, P Ͻ 0.001 (compared to cells transfected with the wild-type human COX-2 promoter [Ϫ327/ϩ59] reporter plasmids and stimulated with IL-1␤ or BK alone). ther clarify the involvement of NF-B, the CRE-binding protein CREB-1, and the NF-IL-6-binding protein C/EBP␤ in BK-and IL-1␤-induced COX-2 transcription, Western blotting was used to examine whether these transcription factors were translocated to the nucleus by BK and IL-1␤. As shown in Fig.  4 , under resting conditions, NF-B subunit p65 only existed in the cytosol of human ASM cells, but the amount was quickly reduced after 0.5 h treatment with IL-1␤ and then recovered after 1 h. Simultaneously, a marked movement of p65 to the nucleus was swiftly induced after 0.5 h of treatment with IL-1␤ and sustained for up to 2 h. In contrast, BK had no effect. CREB-1 existed in both cytosol and nucleus, and no nuclear translocation was observed after treatment with IL-1␤ and BK. C/EBP␤ existed mainly in the cytosol, was markedly reduced after treatment with IL-1␤ for 0.5 h, and recovered after 1 h. Although a small amount of C/EBP␤ existed in the nucleus, a further increase was evidently observed after 0.5 h treatment with IL-1␤ and sustained for up to 2 h. These results demonstrate that IL-1␤, but not BK, causes p65 and C/EBP␤ translocation, which may be involved in COX-2 transcription by IL-1␤, and that CREB-1 are constitutively present in the nucleus, which may be involved in COX-2 transcription by both IL-1␤ and BK.
In vitro binding of transcription factors to their cis-acting elements in the COX-2 promoter. We then analyzed the in vitro binding of NF-B, CREB-1, and C/EBP␤ to their regulatory elements at the COX-2 promoter by EMSA. As shown in Fig. 5A , IL-1␤ induced two nuclear protein-DNA complexes with a probe containing the COX-2 NF-B cis-acting element compared to the control, and both were supershifted by p50 antibody, whereas only complex 1 was supershifted by p65 antibody, suggesting that p50 was involved in complexes 1 and 2 and that p65 was mainly involved in complex 1. In contrast, BK-stimulated nuclear protein did not generate visible complexes with the NF-B probe (Fig. 5A) . Since CREB and AP-1 (c-Jun/c-Fos) have been reported to bind to the CRE cis-acting element in the human COX-2 promoter (51), their binding to the CRE probes was investigated. Untreated cells produced one nuclear protein-DNA complex with the COX-2 CRE ( with Renilla luciferase internal control reporter (4 ng/well) and the human COX-2 promoter (Ϫ327/ϩ59) firefly luciferase reporter constructs (0.4 g/well) by using FuGene 6 transfection reagent as described in Materials and Methods. The transfected cells were pretreated with or without Indo for 30 min and then incubated with or without BK (10 M), IL-1␤ (1 ng/ml), or PGE 2 (2.5 M) for a further 16 h. The luciferase activities from firefly and Renilla reporters were assayed by using the dual-luciferase reporter assay system, and the relative luciferase activity was obtained by normalizing the firefly luciferase activity against the internal control Renilla luciferase activity. The results are expressed as mean Ϯ the SEM of six separate experiments performed in duplicate or triplicate. ❋, P Ͻ 0.05; ❋❋, P Ͻ 0.01 (compared to IL-1␤ or BK alone, respectively).
FIG. 4. Effect of IL-1␤
and BK on the nuclear translocation of transcription factors. Confluent and serum-starved human ASM cells in 90-mm dishes were incubated with or without IL-1␤ (1 ng/ml) or BK (10 M) for the times indicated. Cytosolic and nuclear proteins were prepared, and the presence of NF-B p65, CREB-1, and C/EBP␤ in both fractions was analyzed by Western blotting with a specific antibody as described in Materials and Methods. These blots are representative of two independent experiments, with similar results. (1 ng/ml, C and D) for 1 h. Nuclear proteins were extracted, and the in vitro nuclear protein-DNA binding was analyzed by EMSA with 32 P-labeled DNA probes containing either the human COX-2 promoter NF-B cis element (A), the human COX-2 promoter CRE cis element (B and C), the consensus CRE cis element (B), or the human COX-2 promoter NF-IL-6 cis element (D) as described in Materials and Methods. Supershifts were performed to determine which transcription factors were present in the protein-DNA complexes by using specific antibodies against individual transcription factor. A competition assay was conducted by incubating the nuclear extracts with a 25-fold excess of unlabeled (cold) COX-2 CRE probe for 30 min prior to the 32 P-labeled probe (see panel B). The results are representative of three independent experiments with similar results. (29) . In our cell system, treatment with IL-1␤ (1 ng/ml for 1 h) induced the nuclear protein-DNA complexes (Fig. 5D , lane 2) with the COX-2 NF-IL-6 probe compared to the control (lane 1), which were abolished by C/EBP␤ antibody accompanied by a retarded band (lane 4). In contrast, C/EBP␣ antibody did not alter the complexes (lane 3), demonstrating that IL-1␤ induces C/EBP␤ binding to the COX-2 NF-IL-6 element.
In vivo association of transcription factors with the COX-2 promoter in BK-and IL-1␤-stimulated human ASM cells. By using EMSA to detect the in vitro binding of transcription factors to the COX-2 promoter, we showed BK-and IL-1␤-induced binding of CREB-1 to CRE element, IL-1␤-induced binding of C/EBP␤ to NF-IL-6 element and p65/p50 to NF-B element in the COX-2 promoter. To further understand the roles of transcription factors and the COX-2 promoter regulatory elements in BK-and IL-1␤-induced COX-2 transcription, in vivo association of these transcription factors with the COX-2 promoter was evaluated by the semiquantitative ChIP assay. To determine whether the transcription factors could specifically associate with the COX-2 promoter, PCR amplifications were conducted on a fixed amount of immunoprecipitated DNA, followed by 30 cycles of PCR with the specific primer pairs encompassing position Ϫ299 to ϩ6 region of the human COX-2 promoter (Fig. 6A) . After BK treatment, CREB-1 immunoprecipitates showed a marked enrichment of the COX-2 promoter DNA compared to the nonimmune IgG immunoprecipitate control (Fig. 6A) , indicating that the COX-2 promoter DNA precipitated by the CREB-1 antibody was specifically associated with CREB-1. Immunoprecipitates with an antibody to p65, CREB-1, or C/EBP␤ resulted in different patterns of enrichment of the DNA segments encompassing the COX-2 promoter after BK and IL-1␤ treatment (Fig. 6B) . BK (10 M) quickly induced an enrichment of CREB-1-associated COX-2 promoter DNA at 0.5 h compared to control (0 h); this level then decreased over 1 to 5 h but remained at a level higher than that of the control. In contrast, BK had a modest or no effect on p65 and C/EBP␤ association with the COX-2 promoter DNA (Fig. 6B) . The results suggest that CREB-1 is the key transactivator in BK-induced COX-2 transcription. After IL-1␤ (1 ng/ml) treatment, an enrichment of p65-, C/EBP␤-, and CREB-1-associated COX-2 promoter DNA appeared at 0.5 h and sustained up to 2.5 h (p65 and C/EBP␤) and 5 h (CREB-1), respectively (Fig. 6B) . These data suggest that p65, C/EBP␤, and CREB-1 are all involved in IL-1␤-induced COX-2 transcription in human ASM cells.
In vivo association of acetylated histone H4 lysine residues with the COX-2 promoter in BK-and IL-1␤-stimulated human ASM cells. Proinflammatory genes can be modulated by chromatin remodeling via stimulus-dependent acetylation of histone H4 (27) . We then analyzed the histone H4 acetylation events involved in COX-2 transactivation by ChIP assay. Equal amount nuclear samples were immunoprecipitated with an antibody against acetylated histone H4 lysine residue AcK5, AcK8, AcK12, or AcK16, and the immunoprecipitated DNA was amplified by PCR with the specific human COX-2 primer pairs (Fig. 6A) . Different patterns of immunoprecipitate-associated COX-2 promoter enrichment were observed after BK and IL-1␤ treatment (Fig. 6C) . BK quickly caused a marked enrichment of AcK16-associated COX-2 promoter DNA at 0.5 h compared to control (0 h), which soon returned to baseline (1 h). BK also caused an enrichment of AcK5-and AcK8-associated COX-2 promoter DNA at a later time point (1 h) but had no effect on AcK12 association with the COX-2 promoter (Fig. 6C) . In contrast, IL-1␤ treatment only resulted in a marked enrichment of AcK8-associated COX-2 promoter DNA at 0.5 h, and this enrichment then decreased gradually (1 ng/ml) for the times indicated. The in vivo protein-DNA complexes were cross-linked by formaldehyde treatment and chromatin pellets were extracted and sonicated. p65, CREB-1, and C/EBP␤ (B) and acetylated histone H4 lysine residues (i.e., AcK5, AcK8, AcK12, and AcK16) (C) were immunoprecipitated with specific antibodies, and the associated COX-2 promoter DNA was amplified by PCR as described in Materials and Methods. The input represents PCR products from chromatin pellets prior to immunoprecipitation. The results are representatives of two independent experiments with similar results.
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on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ over 1 to 5 h; IL-1␤ treatment, however, had no effect on AcK5, AcK12, and AcK16 association with the COX-2 promoter (Fig. 6C ). These data suggest that BK-and IL-1␤-induced COX-2 transcription requires chromatin remodeling via acetylation of distinct histone H4 lysine residues. Involvement of PGE 2 in BK-and IL-1␤-induced association of transcription factors with the COX-2 promoter. We showed (Fig. 3) that PGE 2 -stimulated, whereas the COX inhibitor Indo-inhibited, BK-and IL-1␤-induced COX-2 promoter activity (16 h), which suggests that PGE 2 may mediate the effect of both BK and IL-1␤ on COX-2 transcription. To explore whether PGE 2 was involved in BK-and IL-1␤-induced transcription factor association with the COX-2 promoter and therefore the initiation of transcription, a ChIP assay was performed. PGE 2 treatment (2.5 M, 1 h) caused a marked enrichment of CREB-1-associated COX-2 promoter DNA but had no effect on C/EBP␤ association with the COX-2 promoter (Fig. 7) . Both BK (10 M) and IL-1␤ (1 ng/ml) treatment (1 h) stimulated robust enrichment of CREB-1-associated COX-2 promoter DNA, and IL-1␤ (but not BK) also enhanced C/EBP␤-associated COX-2 promoter DNA (Fig. 7) . Pretreatment with Indo (1 M, 30 min) selectively reduced BK-induced CREB-1 association with the COX-2 promoter and had no effect on IL-1␤-induced CREB-1 and C/EBP␤ association with the COX-2 promoter (Fig. 7) . The results indicate that BK-induced the early association of CREB-1 with the COX-2 promoter and the consequent initiation of COX-2 gene transcription are largely dependent upon endogenous PGE 2 production; in contrast, IL-1␤-induced effect is PGE 2 independent.
DISCUSSION
The major findings of our current study are that the transcriptional regulation of COX-2 by BK and IL-1␤ in human ASM cells involves different promoter elements and transcription factors and is associated with chromatin remodeling after selective acetylation of histone H4 lysine residues in a stimulus-specific manner. We have also demonstrated that endogenous PGE 2 is critical in the initiation of BK-induced COX-2 transcription and also takes part in IL-1␤-induced COX-2 transcription in an autocrine manner at a latter stage. The results provide important information about the molecular mechanisms by which COX-2 gene transcription is regulated.
Accumulating evidence has demonstrated that a number of transcription factors, such as CREB, c-Jun, c-Fos, and ATF-2, can bind to CRE in the COX-2 promoter and initiate the transcription (51) . We showed in the current study by EMSA that both BK and IL-1␤ induced modest increases of the in vitro binding of CREB-1, but not c-Jun, to the COX-2 CRE compared to the high intensity of CREB-1-DNA complex in control cells. Because the accessibility of the binding sites is not controlled by chromatin remodeling in EMSA, transcription factors that are present in the nucleus can bind to the probes containing their binding sites. This is supported by our unpublished observation that TNF-␣ induces p65 nuclear translocation in our cell system and causes in vitro binding to COX-2 NF-B probe as detected by EMSA, even though it does not induce COX-2 expression. Since CREB-1 constantly existed in the nucleus of unstimulated human ASM cells (Fig. 4) , a high level of basal binding of CREB-1 with the COX-2-CRE probe, and modest increases after BK and IL-1␤ treatment were consequently observed. We therefore used the semiquantitative ChIP assay to detect the in vivo association of transcription factors with the COX-2 promoter. We demonstrated that after 0.5 h BK and IL-1␤ treatment there was a marked induction of CREB-1 association with the COX-2 promoter compared to the control. The association appears earlier than BK-induced COX-2 protein expression (1 h) (39) . Because BK did not cause the association of p65 and C/EBP␤ with the COX-2 promoter, the results are consistent with those from the reporter gene assay and clearly indicate that CREB-1 is the key factor that binds to CRE and initiates BK-induced COX-2 transcription. Furthermore, IL-1␤-induced CREB-1 association with the COX-2 promoter is in accordance with the requirement of CRE for IL-1␤-induced COX-2 promoter activity, suggesting that CREB-1 is a major transcription factor in IL-1␤-induced COX-2 transcription. It has been reported that both CREB and phosphorylated CREB are involved in the regulation of CRE-dependent genes (17, 34) . However, we did not detect phosphorylated CREB-1 in the nuclear protein-COX-2 CRE complexes, although the phosphorylated CREB-1 existed in the complexes with consensus CRE probe. This suggests that CREB-1 rather than phosphorylated CREB is involved in the transcription regulation of COX-2 by both BK and IL-1␤.
In addition to CREB-1, other transcription factors are also involved in IL-1␤-induced COX-2 transcription. NF-B has been regarded as a key transcription factor regulating COX-2 gene expression in a number of cell systems (28, 37, 57) . In the present study, we found that deletion of the distal NF-B element (Ϫ448/Ϫ214) in the COX-2 promoter did not alter BK-and IL-1␤-induced COX-2 promoter activity and that mutation of the proximal NF-B element (Ϫ223/Ϫ214) only slightly reduced IL-1␤-induced COX-2 promoter activity but had no effect on BK-induced COX-2 promoter activity. These results indicate that in human ASM cells NF-B is not involved FIG. 7 . Effect of BK and IL-1␤ on the association of transcription factors with the human COX-2 promoter and the involvement of PGE 2 in the process. Confluent and serum-starved human ASM cells in 90-mm dishes were pretreated with or without Indo (1 M) for 30 min and then incubated with BK (10 M) or IL-1␤ (1 ng/ml) or PGE 2 (2.5 M) for 1 h. The in vivo protein-DNA complexes were cross-linked by formaldehyde treatment, and chromatin pellets were extracted and sonicated. CREB-1 and C/EBP␤ were immunoprecipitated with specific antibodies, and the associated COX-2 promoter DNA was amplified by PCR as described in Materials and Methods. The specific COX-2 primers were described in Fig. 6A . The input represents PCR products from chromatin pellets prior to immunoprecipitation. The results are representatives of two independent experiments with similar results. (ii) TNF-␣, which stimulates NF-B p65 and p50 nuclear translocation in human ASM cells (unpublished observations), has no effect on COX-2 expression (38) . (iii) The NF-B inhibitor SN50 inhibits COX-2 protein expression in human amnion mesenchymal cells (57) , whereas the NF-B inhibitor pyrrolidinedithiocarbamate has no effect on IL-1␤-induced COX-2 expression in human ASM cells (unpublished observation). Our results also showed a different involvement of C/EBP␤ in COX-2 transcription by IL-1␤ compared to BK. Several C/EBP family members, including C/EBP␣ and C/EBP␤, have been shown to bind to the COX-2 NF-IL-6 element and are functionally involved in the transcriptional regulation of COX-2 (29) . EMSA analysis showed that IL-1␤ induced in vitro binding of C/EBP␤ to NF-IL-6, in accordance with the involvement of its respective element in IL-1␤-induced COX-2 transcription. By applying ChIP assay we also demonstrated that C/EBP␤ was associated with the COX-2 promoter. C/EBP␤ is therefore actively involved in the transcription regulation of COX-2 by IL-1␤. Although a modest increase in C/EBP␤ association with the COX-2 promoter was also observed, it occurred at a much later time than that of CREB-1, and because NF-IL-6 element was not involved in BK-induced COX-2 promoter activity, it is unlikely that C/EBP␤ is involved in the effect of BK.
Chromatin remodeling after CREB-binding protein (CBP)-associated histone acetylation is believed to be a prerequisite for active transcription of genes upon stimulation by inflammatory mediators (27) . Proinflammatory genes that are expressed in a stimulus-specific manner have been shown to be embedded in stimulus-specific local chromatin regions characterized by hyperacetylation of histone (27, 36, 59) . The direct link between histone acetylation and transcriptionally active chromatin became apparent with the use of ChIP procedure for the fraction of chromatin by applying an antibody which specifically recognizes hyperacetylated histones (22, 31, 36) . With the use of ChIP in the current study, we not only demonstrated that transcription activators were in their native setting associated with the COX-2 promoter in vivo but also found that these associations were dynamically linked to the stimulus-specific histone H4 acetylation of different lysine residues by BK and IL-1␤, respectively. These finds suggest that the stimulus-specific chromatin remodeling may control COX-2 transcription by BK and IL-1␤ by allowing selective transcription factors to bind to their respective elements in the promoter. This is further supported by the lack of effect of TNF-␣ on the acetylation of histone H4 lysines 8 and 16 at the COX-2 promoter (unpublished observation), which are the main sites IL-1␤ and BK acetylates. Although a direct link between the acetylation of individual histone H4 lysine residues and the association of individual transcription factors to the COX-2 promoter cannot be established from the current results, our findings strongly suggest that different patterns of histone acetylation may result in different conformational change of the chromatin structure and are therefore associated with different patterns of transcription factor association with the COX-2 promoter and probably different kinetics of COX-2 expression by BK and IL-1␤. Since CREB-1 (7), C/EBP␤ (35), c-Jun (1), and p65 (47) have all been shown to interact with the universal activator CBP, which exerts intrinsic histone acetyltransferase (HAT) activity (8) , it is likely that the activity of HAT from CBP may be responsible for the acetylation of histone involved in COX-2 transcription by BK and IL-1␤. However, the involvement of other histone modifications, i.e., methylation and phosphorylation, in both BK and IL-1␤ induced COX-2 expression cannot be excluded, and further studies will be needed to establish the direct link.
Since both BK-and IL-1␤-induced COX-2 promoter activity (Ϫ327 bp, 16 h) was inhibited by the COX inhibitor Indo, the results suggest that prostanoids and, in particular, PGE 2 , since it is the predominant form of prostanoid from human ASM cells (38) , is a mediator for both. This is supported by previous reports that PGE 2 causes COX-2 protein expression on its own and enhances IL-1␤-induced COX-2 protein expression in human ASM cells (6, 42) . However, we also found in the present study that PGE 2 , BK, and IL-1␤ all stimulated CREB-1 association with the COX-2 promoter (1 h) and Indo inhibited the effect of BK but not IL-1␤. This discrepancy of the effect of Indo on COX-2 promoter activity and CREB-1 association with the COX-2 promoter by BK and IL-1␤ can be explained by the time course of PGE 2 production and COX-2 protein expression. PGE 2 is released from the cells immediately after BK stimulation and before COX-2 induction (39); in contrast, PGE 2 is only produced after COX-2 protein expression 2 h after IL-1␤ treatment (38) . The inhibition on BK-induced CREB-1 association with the COX-2 promoter (1 h) indicates the involvement of endogenous PGE 2 from COX-1 in this process, whereas the lack of effect on IL-1␤-induced CREB-1 association with the COX-2 promoter implies that PGE 2 is not involved in this process. This is because endogenous PGE 2 is produced only after IL-1␤-induced COX-2 protein expression (38) , and there is no PGE 2 increase at the time when IL-1␤ induces CREB-1 association with the COX-2 promoter. Hence, a mediator(s) other than PGE 2 is responsible for IL-1␤ effect at the particular time. However, after 16 h of incubation with BK and IL-1␤, the accumulation of PGE 2 must have, to a certain extent, contributed to the accumulation of luciferase. The blockade of PGE 2 accumulation by Indo then results in a reduction of COX-2 promoter activity. Taken together, our results demonstrate clearly that PGE 2 plays a different role in BK-and IL-1␤-induced COX-2 expression because of the time course difference in PGE 2 production. PGE 2 is critical in the initiation of BK-induced, but not IL-1␤-induced COX-2 expression; however, the inability of Indo to abolish BK-induced CREB-1 association with the COX-2 promoter and the promoter activity suggests that BK, to a much lesser extent, may also utilize another pathway other than PGE 2 to induce CREB-1 association with the COX-2 promoter and COX-2 gene transcription. PGE 2 is likely to be involved in IL-1␤-induced COX-2 expression at a later stage by inducing or enhancing the association of CREB-1 with the COX-2 promoter after it is produced as a consequence of COX-2 protein expression.
Since PGE 2 stimulates cyclic AMP generation via either EP2 or EP4 adenylyl cyclase-coupled receptors in human ASM cells (6) , it is likely that PGE 2 upregulates COX-2 expression by a VOL. 23, 2003 TRANSCRIPTIONAL REGULATION OF COX-2 9241
on February 21, 2013 by PENN STATE UNIV http://mcb.asm.org/ cyclic-AMP-dependent positive feedback mechanism that eventually leads to CREB binding to CRE. This is in agreement with the findings that the ␤ 2 -adrenoceptor agonists salbutamol and salmeterol and the direct adenylyl cyclase activator forskolin also induce COX-2 (unpublished observation). The finding that Indo reduced BK-and IL-1␤-induced COX-2 promoter activity in the present study appears to contradict our recent finding that Indo enhances IL-1␤-induced COX-2 protein expression and causes COX-2 induction on its own, albeit inhibiting COX-2 activity and consequently blocking the enhancing effect of endogenous PGE 2 in human ASM cells (42) . This discrepancy can be explained by the fact that Indo is also a peroxisome proliferator-activated receptor ␥ (PPAR␥) activator. PPARs are members of the nuclear receptor superfamily of ligand-activated transcription factors, exist in three subtypes [␣, ␤(␦), and ␥ (11)], and have complex regulatory effects on the expression of a broad array of genes, including those involved in immune and inflammatory responses (46, 48) . We have demonstrated recently that Indo enhances IL-1␤-induced COX-2 transcription and the process is prostanoid independent, involves PPAR␥ activation, and requires a PPRE sequence located between positions Ϫ3721 and Ϫ3707 in the COX-2 promoter (42) . The reason that BKand IL-1␤-induced COX-2 promoter activity was inhibited, rather than enhanced, by Indo in the present study was likely due to the lack of PPRE sequence in the COX-2 promoter fragment (Ϫ327/ϩ59) that drove the reporter construct. If fact, Indo has been shown to increase the promoter activity of a COX-2 reporter construct (3.9 kb) containing the PPRE but has no effect on another COX-2 reporter construct containing no PPRE (3.5kb) (42) . Consequently, under this particular condition (no PPRE in COX-2 promoter) Indo is most likely to act as a COX inhibitor. However, since PPARs may modulate gene transcription in a PPRE binding-independent manner by interfering negatively with other transcription factors such as NF-B and AP-1 (12) , such an effect, although unlikely, cannot be excluded from the context of current study.
In summary, we have demonstrated that the transcriptional regulation of COX-2 expression in human ASM cells by BK and IL-1␤ requires different regulatory elements, transcription factors, and histone H4 acetylation. BK upregulates COX-2 transcription mainly through CREB-1 binding to the CRE in the COX-2 promoter via a PGE 2 -cyclic-AMP-dependent mechanism. IL-1␤-initiated COX-2 transcription requires CREB-1 binding to the CRE and C/EBP␤ binding to the NF-IL-6 cis element, largely via a PGE 2 -independent mechanism, although late endogenous PGE 2 also enhances IL-1␤-induced COX-2 transcription. NF-B transactivation does not play a key role but optimizes IL-1␤-induced COX-2 transcription. The COX inhibitor Indo inhibits both BK-and IL-1␤-induced PGE 2 release thus prevents its activation on COX-2 promoter; however, it also induces COX-2 transcription by activating PPAR␥, which forms a heterodimer with retinoid X receptor and binds to PPRE of COX-2 promoter (Fig. 8) . Different patterns of transcription factor association with the COX-2 promoter are likely linked with chromatin remodeling according to different patterns of histone H4 acetylation in a stimulus-specific manner.
